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THE HUDSON RIVER ESTUARY 
A Preliminary Investigation of Flow and Water- Quality Characteristics 


by 


G. L. Giese and J, W. Barr 


ABSTRACT 


This report outlines the present level of knowledge of flow and water- 
quality characteristics in the Hudson River estuary. The adequacy of this 
knowledge for guiding future development of the estuary as a wat
r resource 
is assessed. 


The Hudson River estuary, with an average fresh-water outflow of about 
19,700 cfs (cubic feet per second), represents the last undeveloped source 
of large quantities of fresh water in the southeastern part of New York 
State. 


The flow in the Hudson River below the Federal Dam at Troy is affected 
by ocean tides. The U.S. Geological Survey conducted at Poughkeepsie, N. Y., 
on August 12, 1965, the first series of flow measurements in the tide-affected 
or estuary portion of the river. Flows as high as 244,000 cfs were measured, 
dwarfing the fresh-water inflow to the estuary of a little more than 
2,900 cfs on that day. 


The estuary contains two distinctly different types of water - fresh 
and saline. Chloride concentrations of water in the estuary which are 
greater than 50 ppm (parts per million) indicate the presence of the saline 
water which is a mixture of sea water and fresh water. The salt-water front 
is a name given to the imaginary surface which divides the two types of 
wate r. 


The primary factors controlling the position of the salt-water front 
are fresh-water inflow and the range of fluctuation of the ocean tides. 
Typically, the salt-water front moves upstream and downstream seasonally 
through a reach of about 50 miles, or approximately from Chelsea to Yonkers, 
in response to changing fresh-water inflow. Short-term movements of the 
salt-water front are controlled principally by tides. During a tidal cycle, 
the salt-water front may move through a distance of only a few miles or as 
much as 10 or 15 miles, depending on the particular tidal cycle and the 
location of the salt-water front in the estuary. 


There are a number of other secondary influences on the position and 
movement of the salt-water front. Among them are winds, the gradual rise 
of mean sea level in historic times, evaporation, barometric pressure, 
channel dredging, boat traffic, and permanent withdrawals of water from the 
estuary. 
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THE HUDSON RIVER ESTUARY 


Present knowledge of the flow and water-quality characteristics of the 
Hudson River estuary is inadequate to fulfill the needs of water managers 
in planning the withdrawal of fresh water. In anticipation of further 
development of the estuary as a water resource, the U.S. Geological Survey, 
in cooperation with the New York Water Resources Commission and the New York 
State Department of Commerce, is now engaged in a hydrologic study which 
includes several specific goals. They are: 


1. to provide more comprehensive knowledge of tide- 
affected flow in the estuary; 


2. to better define the water quality of the 
fresh-water portion of the estuary; 


3. to quantitatively define the movement of the 
salt-water front in the estuary and relate 
. this movement to its causes; 


4. to investigate the mechanism of transport and 
deposition of sediment in the estuary. 
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INTRODUCTION 


The present drought, which began in 1961 in the northeastern section 
of the United States, has given New Yorkers, in particular, a new awareness 
of the importance of adequate water supplies. Some cities and counties in 
the mid-Hudson area have already taken the first steps in planning new 
water supply systems utilizing fresh water from the estuary portion of the 
Hudson River. The city of New York, for instance, has recently completed 
an emergency pumping station at Chelsea, N. Y., capable of withdrawing 
120 mgd (million gallons per day) from the Hudson River estuary. This 
amounts to more than a ninefold increase in municipal water use over the 
11.6 mgd previously withdrawn from the estuary for public use. 


In another sense, the present drought and the resulting need for water 
is a preview of what can be expected in the foreseeable future even under 
conditions of normal rainfall and runoff. As the northeastern megalopolis 
extends outward and up the Hudson River valley, it is certain that existing 
water supplies will prove inadequate. Increasingly, towns and cities may 
have to transport water over great distances to meet their needs. 


The Hudson River drains an area of 13,370 square miles. Its average 
fresh-water flow of about 19,700 cfs (cubic feet per second) represents the 
last large undeveloped source of fresh water in the southeastern portion of 
New York State. 


Development of the fresh water in the Hudson River estuary entails 
several significant problems. For example, salt water from the ocean partly 
invades or recedes from the estuary in response to changing fresh-water 
discharge. Permanent remova1 of water from the fresh-water portion of the 
estuary will resu1t in an upstream movement of saline water over and above 
what would occur under "natural" flow conditions. This advance would 
threaten the quality of water supplies in its path. However, the extent 
of such a movement cou1d not be predicted at the present time even if flow 
conditions were adequately known. 


The sediment aspect of water qua1ity poses severa1 other significant 
problems. More information about suspended sediment is needed by water- 
supply managers as an indication of the amount of treatment required. 
Also, the deposition of sediment in the estuary requires that the navigation 
channel be dredged periodically. Although much is known about the pick-up, 
transport, and deposition of sediment in a "normal" stream, the effect of 
tides and saline water on the movement of sediment in an estuary is complex 
and is not adequately known at this time. 


In any logical development of the Hudson River as a water supply, it 
is important to know the solution to these and many other prob1ems. This 
report summarizes present knowledge of water quality and flow characteristics 
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THE HUDSON RIVER ESTUARY 


of the Hudson River, and serves as a point of departure for a comprehensive 
study which is now being undertaken by the U.S. Geo1ogica1 Survey to better 
define some of the important hydrologic characteristics of the estuary. 


PURPOSE OF THE REPORT 


This report has two purposes -- first, to briefly summarize and eva1uate 
the adequacy of present (1965) knowledge of flow and water-qua1ity character- 
istics of the Hudson River estuary, and second, to determine what additiona1 
data are needed to define aspects of the hydro1ogy of the estuary which 
bear on its development as a water resource, especia11y definition of the 
re1ation of flow to salinity. Specifically, this report: 


1. Describes the f10w of water in the estuary; 


2. Summarizes present knowledge of chemica1 qua1ity 
and sediment aspects of the water in the estuary; 


3. Discusses the major and secondary factors affecting 
salinity conditions in the estuary; and 


4. Recommends further hydrologic studies of the estuary. 
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WATER 


IN THE HUDSON 
DRAINAGE BASIN 


RIVER 


The center of interest of this study is the tide-affected or estuary 
portion of the Hudson River drainage basin downstream from the Federal Dam 
at Troy. However, the amount and quality of the fresh water in the estuary 
at any time also depends largely on the amount and quality of the fresh 
water available from the Mohawk and Hudson Rivers upstream from the Federal 
Dam. It is logical, therefore, to consider at least briefly the entire 
Hudson River drainage basin, most of which lies in New York State. For 
ease of discussion, it is useful to divide the drainage area into three 
sub-basins - the upper Hudson, the Mohawk, and the lower Hudson. (See 
figure 1.) These three areas are discussed briefly and are followed by a 
more complete discussion of the present knowledge of the hydrology of the 
es tuary. 


WATER IN THE UPPER HUDSON 


From its headwaters in the vicinity of Mt. Marcy in the Adirondack 
Mountains to the city of Glens Falls, the Hudson River flows in an 
irregular southerly direction through heavily wooded and sparsely populated 
country. From Glens Falls to the mouth of the Mohawk River at the city of 
Cohoes, the Hudson River flows nearly due south through hilly and more 
densely populated country. 


The climate of the upper Hudson is characterized by long, cold winters 
and short, warm summers. Temperatures vary seasonally and with location in 
the basin. Extremes of 100°F and -50°F occur occasionally, but the average 
temperature of the basin is about 40°F. 


Precipitation varies substantially from one part of the basin to 
another -- from an average of 50 inches yearly in some parts of the Adirondacks 
to 34 inches in the Glens Falls-Troy area. The average for the entire upper 
Hudson is about 40 inches. Of this amount, about 18 inches returns to the 
atmosphere by evaporation or transpiration. The other 22 inches of precipi- 
tation is reflected as surface-water runoff out of the upper Hudson. This 
contribution to the fresh-water inflow to the estuary from the 4,260-square 
mile drainage area of the upper Hudson averages about 7,150 cfs. 


The natural waters of the upper Hudson basin are generally of excellent 
quality. Dissolved solids are present only in low concentrations. The 
water is of low hardness and, with a minimum amount of treatment, is 
suitable for drinking and most other purposes except where it is polluted 
by industrial and municipal wastes. 


The water resources of the upper Hudson remain largely undeveloped at 
the present time. However, small amounts are withdrawn for the water 
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Figure 1.--Location map of the Hudson River drainage basin. 
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WATER IN THE HUDSON RIVER DRAINAGE BASIN 


supplies of 27 small communities within the sub-basin. Apart from this, 
90 mgd are used 
y 28 industries. Most of this is process water used by 
the 14 paper mills located on the main stem of the upper Hudson River and 
on its tributaries. 


Pollution in the upper portions of the sub-basin has not been a serious 
problem in the past. It is limited to short reaches immediately d

nstream 
from the waste-water outfalls of scattered towns and industries. However, 
downstream from Glens Falls in Saratoga County (where about half of the 
150,000 people in the sub-basin live), the Hudson River is significantly 
polluted. 


In order to control destructive floods, and also to ensure an adequate 
supply of water at all times for industrial use and hydroelectric power, 
the Hudson River-Black River Regulating District was created in 1922 by 
direction of the New York State Water Power and Control Commission. 
In 1930, the Sacandaga Reservoir, with a storage capacity of 282 billion 
gallons, was built. Controlled releases from the Sacandaga Reservoir, 
together with releases from Indian lake on the Indian River, are designed 
to keep the minimum flow of the Hudson River downstream from Hadley at the 
highest possible level, generally about 3,000 cfs. During times of high 
discharge, water is impounded in these reservoirs, to be released later 
during times of low natural flows. These releases play an important role 
in maintaining flow, thereby reducing the extent of salt-water contamination 
of the water supplies of communities drawing water from the estuary. The 
effects of regulation and other man-caused changes in the hydrology of the 
estuary are further discussed in the estuary section of this report. 


WATER IN THE MOHAWK 


The Mohawk River, with a drainage area of 3,462 square miles, is the 
largest tributary of the Hudson River. From its headwaters, the river 
flows south for 20 miles to Rome. At Rome, it turns abruptly east and 
flows about 100 miles until it joins the Hudson River at Green Island, 
opposite Troy. It contributes an average of 5,560 cfs to the Hudson, which, 
together with the 7,150 cfs from the upper Hudson watershed, empties into 
the estuary below the Federal Dam at Troy. 
Temperatures in the Mohawk sub-basin average 45'F, which is slightly 
higher than the average for the upper Hudson and slightly lower than that 
of the lower Hudson. Precipitation averages 46 inches yearly, of which 
about 24.5 inches runs off as streamflow. 


The natural waters of the Mohawk are of good chemical quality, except 
that in some areas they range from moderately hard to very hard. Moreover, 
many areas along the banks of the Mohawk are highly populated and industrial- 
ized and, downstream from Rome, much of the Mohawk River is polluted with 
domestic and industrial wastes. 
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THE HUDSON RIVER ESTUARY 


The worst pollution is in the Utica area and, moving downstream, the 
waters of the Mohawk remain significantly polluted for most of its length. 
Downstream from Schenectady, the degree of pollution of the Mohawk steadily 
decreases as the river approaches the city of Cohoes, which withdraws about 
7.5 mgd for its public water supply. 


Except for the 7.5 mgd withdrawn by Cohoes from the main stem of the 
Mohawk, most other communities in the sub-basin have developed surface-water 
supplies on tributaries to the river. However, a few communities, the 
largest of which is Schenectady, have developed ground-water supplies on the 
flood plain of the river. Within the basin, large quantities of water are 
also used by industries, mostly as cooling and process water. 


Flow in the Mohawk is appreciably regulated by Delta and Hinckley 
Reservoirs to ensure an adequate supply of water for the operation of the 
Barge Canal during the navigation season (usually from April I to 
November 30). During this time, and for the same purpose, water is received 
from the Black River basin and, occasionally, from the Oswego River basin. 


Most of the water uses discussed previously can be classed as non- 
consumptive. That is, water used is returned to the river system with no 
significant change in quantity. Consumptive uses in the Mohawk sub-basin 
(water permanently removed from the river system) include water used for 
irrigation of croplands and the diversion of most of the flow of Schoharie 
Creek above Schoharie Reservoir through the Shandaken tunnel for use in the 
water supply of the city of New York. Withdrawals of water for crop 
irrigation are insignificant, but the diversion from Schoharie Creek 
averages about 400 cfs. Permanent diversions from the Mohawk sub-basin 
reduce the flow in the Hudson River and, along with streamflow regulation, 
affect the position of the salt-water front in the estuary. Their combined 
effects are discussed more thoroughly in the estuary section of this report. 


WATER IN THE LOWER HUDSON 


From the standpoint of this report, the most important feature of the 
lower Hudson River basin is the tide-affected, or estuary portion, of the 
river below the Federal Dam at Troy. However, because of its special 
nature, detailed discussion of the estuary portion as a separate entity is 
reserved mainly for the following section. This present section concludes 
the general discussion of water in the Hudson River drainage basin. 


The area under consideration here is the area draining into the Hudson 
River between the mouth of the Mohawk River and the Battery at the southern 
tip of Manhattan Island. It covers 5,320 square miles, or about 40 percent 
of the drainage area of the entire river basin. 


The average temperature of the sub-basin is about 4SOF. Average yearly 
precipitation is 42 inches, of which only about 19 inches becomes runoff. 
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WATER IN THE HUDSON RIVER DRAINAGE BASIN 


The lower Hudson basin has a population of about 3 million of which 
two-thirds reside in the New York City metropolitan area. The other 
million people are divided about equally between the Newburgh-Beacon area 
and in the Albany-Troy area. In some respects, most of the New York City 
metropolitan area population is closely associated with the Hudson basin. 
and, for some studies, a lower basin population of 10 to 12 million is 
considered appropriate. 


In the Albany-Troy area, the Hudson River receives a large amount of 
raw sewage which, at times, pollutes the river for about 50 miles downstream 
(N.Y.S. Department of Health, 1965, p. 19). As the present New York State 
program for complete treatment of waste waters discharged to the Hudson 
takes effect, the good quality of the fresh waters of the Hudson should be 
restored. 


Present municipal water use from the lower Hudson River is shown in 
table 1. In addition to the municipalities listed in the table, two 
institutions in Dutchess County use the Hudson River as a potable water 
supply. These are the Hudson River State Hospital at Poughkeepsie and the 
Castle Point VA Hospital at Chelsea. On March 21, 1966, the city of 
New York began withdrawing water at a rate of 40 mgd at Chelsea. About a 
month later, the pumping rate was increased to 100 mgd. The city of Albany 
also has emergency pumping facilities on the Hudson River, but at present 
only about 6.5 million gallons per week are used and this for industrial 
purposes only (Durfor and Becker, 1964, p. 247). 


Table 1.--Municipal water supplies drawn from the lower Hudson River !I 


Community Population served Average use in mgd 
Green Island 4,016 0.37 
Rensselaer 10,745 2.4 
Highland 4,469 1.0 
Port Ewen 2,622 .5 
Poughkeepsie 63,590 l/ 7.36 
85,422 11.63 


1/ Source of data: U.S. Public Health Service 
(1965, p. II), and New York State 
Department of Health (1960). 


1/ Includes 3,590 people in small communities 
served by Poughkeepsie. 


Industrial use of water from the lower Hudson River exceeds by far its 
use as a municipal water supply. In the New York metropolitan area, 
3,924 mgd from the Hudson River, the Harlem and East Rivers, and the 
Kill Van Kill are used for cooling. From the New York City line to Troy, 
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32 industries use Hudson River water. The largest user at the present time 
is the Consolidated Edison nuclear power plant at Indian Point near 
Peekskill, which circulates 233 mgd for cooling. 


New York City permanently diverts large amounts of water from tribu- 
taries to the Hudson for use as a part of its water supply. Before the 
1961-65 drought, the dependable yield of the Croton, Bronx, Byram, Esopus, 
Rondout, and Schoharie watersheds, all tributaries to the Hudson, totaled 
1,015 mgd, (City of New York, Department of Water Supply, Gas and 
Electricity, 1952, p. 10, 14, 22) but since the addition of the reservoirs 
in the Delaware watershed, withdrawals from, the Hudson watershed have been 
somewhat less. During 1965, for example, New York City's water use from 
the Hudson River basin averaged only about 574 mgd (890 cfs). 


Because of the complexities of the tide-affected flow in the estuary, 
it is not feasible at this time to measure fresh-water flow in the estuary 
itself. However, the U.S. Geological Survey has estimated the net flow out 
of the Hudson River basin into the Atlantic Ocean. These estimates are 
based on records of discharge at Green Island, near Troy, (the most down- 
stream gaging station above tidewater) and gaged tributaries to the estuary. 
(See figure I.) Flows from ungaged tributaries are estimated on the basis 
of drainage area and correlations with gaged streams. The average flow of 
the Hudson River at the Battery is thus estimated at 19,700 cfs, of which 
650 cfs are contributed by the lower Hudson basin. 
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HYDROLOGY 
HUDSON RIVER 


OF THE 
ESTUARY 


The Hudson River below the Federal Dam at Troy is best conceived, not 
as a river, but as an arm of the sea with fresh water continuously encroaching 
on its domain. 


The flow of water in the estuary can be described as the superposition 
of tidal flow on the otherwise unaffected fresh-water discharge of the river. 
Thus, water in the estuary moves downstream in a two-steps-forward, one-step- 
backwards manner. 


If all fresh-water flow into the estuary were stopped, ocean water 
would move upstream to the Federal Dam. As increasing amounts of fresh 
water are added, the ocean is displaced or "pushed" further and further 
downstream. 


At all times, then, there are two distinct kinds of water in the 
estuary - fresh water and saline water. The presence of saline water is 
detected by chloride concentrations in the river. As water moves downstream 
through the fresh-water "pool ," chloride concentrations remain fairly 
constant with distance and seldom exceed 30 ppm. Then, as the saline-water 
zone is approached, chloride concentrations increase and may rise to several 
hundred parts per million in several miles. This rise is due to mixing and 
diffusion of saline water with fresh water. Chloride concentrations 
continue to increase downstream and approach those of ocean water which 
averages 18,500 ppm in the Atlantic Ocean about 20 miles south of the 
Battery. 


The upstream limit of noticeable salt-water intrusion is called the 
salt-water front, the location of which is defined arbitrarily as the 
location of 50 ppm chloride concentrations in the estuary. 


In summary, flow in the estuary is tide affected and can be separated 
into tide-induced and gradient-induced components. The water is of two 
distinct types - fresh and saline. The fresh water forms a pool which 
varies in length primarily with changes in fresh-water inflow to the estuary. 


FLOW IN THE ESTUARY 


OCEAN TIDES 


The tide component of flow in the Hudson River estuary is the result 
of the mutually attractive forces of the earth, sun, and moon acting upon 
the oceans. Two high tides and two low tides occur every 24 hours and 
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50 minutes. The U.S. Coast and Geodetic Survey predicts times and heights 
of high and low waters at a number of points along the Hudson River 
(U.S. Coast and Geodetic Survey Tide Tables, 1965). 


Tide waves entering New York harbor from the Atlantic Ocean propagate 
upstream to the Federa1 Dam at Troy. A profile illustrating the behavior 
of a typical tide wave in an estuary is shown in figure 2. 


DIRECTION OF WAVE PROPOGATION 
 


SURFACE 


BO T TOM 


VELOCITY DISTRIBUTIO N 



 FLOOD FLOW 
. EBB FLOW 


Note: Drawing not to scale. Wave 
lengths may be several hundred 
miles. 


Figure 2.--Schematic drawing illustrating behavior of a translatory 
gravity-type wave in an estuary. 


Note, from figure 2, that greatest velocities occur near the crests 
and troughs and zero velocities about midway between. 


As a tide wave moves up the estuary, it loses energy through turbulence 
created by viscous boundary shear, with a corresponding decrease in tide 
amp1itudes and velocities. When the tide wave enters an area of decreasing 
cross-sectional area, the opposite effect occurs. That is, tide amplitudes 
and velocities increase. As a result, tide ranges upstream at Albany 
average 4.6 feet, while at the Battery they are 4.4 feet. 


FRESH-WATER INFLOW 


If the tide-induced component of flow was the only component of flow 
in the estuary, the net flow in and out of the estuary over a number of ebb 
and flood tides would be zero. However, because of fresh-water inflow, the 
net downstream flow is approximately equal to the fresh-water flow entering 
the estuary. Theoretically, then, it is possible to determine fresh-water 
discharge by subtracting actual upstream flows from actual downstream flows. 
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However, as in the Delaware River estuary, it has been found that tide 
flows ordinarily are extremely large in comparison with fresh-water flows. 
Thus, even if the flood flows and ebb flows can be determined with small 
errors, large errors may result when net downstream flows are calculated- 
by subtraction (Miller, 1962, p. I). 


In spite of this difficulty, satisfactory results could possibly be 
derived if the discharges obtained in this manner were averaged over a long- 
time interval (several weeks or more). 


Because of this problem, net flow out of the basin is presently 
estimated by the previously described method. (See section on water in the 
lower Hudson.) Using this method, mean monthly net discharges were computed 
for the Hudson River at Poughkeepsie and at the Battery for the water years 
1947-65 and are shown in table 2. 


Part of the data in table 2 are summarized in figure 3 which shows the 
average, the maximum, and the minimum of the mean monthly net discharges at 
Poughkeepsie, N. Y. Figure 3 shows clearly the seasonal variation in 
fresh-water inflow. Typically, about one-half of the total yearly flow is 
included in the months of March, April, and May, while lowest flows 
generally occur during the months from August to November. 


MEASUREMENTS OF TIDE-AFFECTED FLOW 


As a part of its current investigation of flow and water-quality 
characteristics of the Hudson River estuary, the U.S. Geological Survey 
conducted a series of measurements of tide-affected flow at the Mid-Hudson 
Bridge at Poughkeepsie on August II, 1965. 


Though this was the first such series of measurements on the Hudson 
River, the methodology and procedures followed reflect experience gained 
by the Geological Survey in recent work on other estuaries, notably the 
Delaware River in the Philadelphia area, the Sacramento River in California, 
and the St. Johns River in Florida. 


A discharge measurement in a tidal reach requires concurrent 
observations of velocities, river levels, and cross-sectional areas. 
In practice, a cross section in a river is divided into many subareas, 
and the mean velocity in each subarea is determined according to well- 
established procedures. The discharge for each subarea is calculated by 
multiplying the mean velocity by the area. The discharges for all the 
subareas are added to obtain the total discharge of the river. 


Accordingly, 12 current meters were suspended from the Mid-Hudson 
Bridge at Poughkeepsie and set 5 feet below the water surface, as shown 
at the top of figure 6. Two staff gages were installed on the Poughkeepsie 
side of the river. One was placed at the bridge and the other 5.5 miles 
downstream at Clinton Point. Staff-gage readings and velocity observations 
for all 12 current meters were recorded simultaneously every 15 minutes 
over nearly a complete tidal cycle. Variations of velocity with depth were 
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Figure 3.--Summary of the mean monthly net discharges 
of the Hudson River at Poughkeepsie 
for the water years 1947-65. 


determined at each meter station, and these data were used to correlate the 
near-surface velocity observations with the mean velocities in each vertical 
section. Selected velocity curves showing the maximum and minimum velocity 
variations with depth are shown in figure 4. 


Flow magnitudes 


Perhaps the most important new information gained during this I-day 
study was data on the magnitude of the very large volumes of water moving 
upstream and downstream in response to tidal action. As may be seen in 
figure 5, maximum flows exceeded 244,000 cfs, dwarfing the fresh-water 
inflow to the estuary, on that day, of about 3,000 cfs. 


Based on the flow information summarized in figure 5, if the salt-water 
front were located at Poughkeepsie, it would fluctuate through a reach about 
3.3 miles long during a tidal cycle. 
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Figure 4.--Variation of ve10city with depth of the Hudson River 
at Poughkeepsie on August 11, 1965. 
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Figure 5.--Gage height, flow, and specific conductance of the 
Hudson River at Poughkeepsie on August 11, 1965. 


Velocity variation 


Figure 6 shows the velocity variation in the cross section during the 
measurement, based on data taken at the 12 fixed meter stations. The 
vector arrows denote direction and magnitude of velocities in the estuary. 
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Figure 6.--Velocity variation at a section of the Hudson River at 
Poughkeepsie during a tidal cycle on August 11, 1965. 
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THE HUDSON RIVER ESTUARY 


Figure 6 points out clearly that reversal of flow does not occur at 
the same time at every point in the cross section. Note that slack water 
occurs first near the banks and tends to persist there for a longer period 
of time than near the center of the channel. This phenomenon is undoubtedly 
related to channel friction which is greatest near the banks. 


The Hudson River estuary, for several miles upstream and downstream 
from the Poughkeepsie measurement site, has an unusually straight channel 
with remarkably uniform cross-sectional properties. It is expected that, 
at other locations in the Hudson River and in other estuaries where channel 
properties are less ideal, the slack water portions of figure 6 would be 
much more irregular and less predictable with respect to shape and duration. 


In order to provide additional quantitative data on tide-affected flow 
in the estuary, the U.S. Geological Survey established a tidal discharge 
station in the fall of 1965 at Poughkeepsie. River level recorders are 
operated at each end of the 5.5-mile long reach between Poughkeepsie and 
Clinton Point. Data from these recorders, in conjunction with other 
parameters detenmined during discharge measurements, are used to generate 
a continuous record of the tide-affected flow of the estuary at 
Poughkeepsie. The discharges obtained will be published in the annual 
Geological Survey open-file report, Surface Water Records of New York , 
beginning with the 1966 water year (Oct. 1, 1965 to Sept. 30, 1966). 


QUALITY OF WATER IN THE ESTUARY 


While tides from the Atlantic 
length of the estuary, ocean water 
upstream as the salt-water front. 
saline. Further upstream, in the 
controlled almost entirely by the 
inflows. 


Ocean affect flows throughout the entire 
affects chemical quality only as far 
Downstream from the front the water is 
fresh water "pool ,II the water quality is 
quality of the various fresh-water 


The relative amounts of fresh and saline waters in the estuary change 
with changing fresh-water inflows, tidal flows, and a number of other less 
significant factors. These changes in water quality are more easily 
discussed along with the factors that cause them. This is done in the 
concluding section of this report. This present section is mainly concerned 
with differences in chemical quality of water from point to point at a given 
time rather than changes from time to time at a given point. This section 
also includes a discussion of the sediment aspect of water quality in the 
Hudson River. 


CHEMICAL QUALITY OF FRESH WATER 


As a part of its appraisal of the water resources of New York State, 
the U.S. Geological Survey has, during various periods of time, collected 
and analyzed water samples from a number of points in the lower Hudson River 
and its tributaries. The city of New York has long been interested in the 
lower Hudson River as a possible water supply and has obtained water 
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analyses dating back before 1903. Sufficient data have also been collected 
by the cities of Rensselaer, Waterford, Poughkeepsie, and by several state 
and federal agencies so that a fair picture emerges of the water quality of 
the fresh-water portion of the estuary. 


Table 3 is a sunrnary of what might be cal1ed "typical" concentrations 
of chemical constituents in streams in the lower Hudson River basin. While 
the concentrations given for each station are time-weighted averages of a 
number of samples, they do not necessarily represent the actual average 
water quality in each stream. They do, however, give a fair indication of 
what the average might be. 


Based on mineral content, the quality of water at all these stations 
is satisfactory for most purposes (for domestic and some industrial uses 
treatment would be necessary). However, several individual samples from 
the Hudson River at Green Island, the Wallkill River at Gardiner, and 
Wappinger Creek at Wappingers Falls show iron concentrations in excess of 
0.3 ppm, which is the maximum amount which should be present in drinking 
water according to standards set by the U.S. Public Health Service (1962, 
p. 7). Aside from the iron present in these water samples, all of the 
other individual analyses indicate that water at these locations is of good 
chemical quality. 


However, these waters are not necessarily of good quality for every 
water use. Moderately hard water may contribute to the formation of a 
scale in boilers. For this purpose, water from the Wallkill River at 
Gardiner, Wappinger Creek at Wappingers Falls, and Fishkill Creek at Beacon 
might be unsuitable. 


Except for sodium and chloride, concentrations given in table 3 are 
probably good reflections of the natural chemical quality of these fresh 
waters. Sodium and chloride are sometimes unnaturally high because of 
pollution. At Poughkeepsie there is, occasionally, a general increase in 
dissolved solids due to invasion of saline water from the ocean. At such 
times Poughkeepsie would not be considered as being within the fresh water 
portion of the estuary, and water samples collected under these conditions 
have been excluded from consideration in table 3. 


Notice, from table 3, the similarity in chemical quality between the 
Hudson River at Green Island and the Hudson River at Poughkeepsie. It is 
probable that there is, usually, (except as noted above) a close resemblance 
between the water at Green Island and the water at most other points in the 
fresh-water portion of the estuary. This is because the discharge of the 
Hudson River at Green IsJand is by far the largest single fresh-water inflow 
to the estuary, and, therefore, it is the largest single determinant of 
water quality in the fresh-water part of the estuary. 


CHEMICAL QUALITY OF SALINE WATER 


The chemical quality of water in the saline portion of the estuary is 
a function not only of the chemical quality of the various fresh-water 
inflows, but also of the degree of mixing of fresh waters with ocean water. 
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HYDROLOGY OF THE HUDSON RIVER ESTUARY 


The chemical quality of fresh water above the salt-water front varies 
comparatively little either with time or location. Below the salt-water 
front, in the saline portion of the estuary, chemical quality varies greatly 
both with time and location. 


To demonstrate this, the U.S. Geological Survey, on September 10, 1962, 
and October 1, 1963, conducted salinity surveys in the estuary. Monthly 
discharges at Poughkeepsie for the 3 months preceding the 1962 survey 
averaged 4,843 cfs, while for the 3 preceding months in 1963, flows averaged 
4,816 cfs. Because the antecedent flow conditions were similar, the results 
of the two surveys nearly coincided and a composite curve showing average 
chloride concentrations at different river-mile points was drawn and is 
shown in figure 7. 


Chloride concentrations in figure 7 are a reflection of the degree of 
mixing of ocean water with fresh water. The average chloride concentration 
of sea water is about 18,980 ppm, as determined by Rankama and Sahama (1950). 
An approximate percentage of ocean water can thus be determined by the 
ratio of observed chloride concentrations to the average chloride concentra- 
tion for ocean water. Average concentrations of chloride and the other 
major constituents in sea water are listed in table 4. 


Table 4.--Average concentrations of the major 
constituents of sea water !I 


Constituent 
Chloride (CI) 
Sodium (Na) 
Sulfate (S04) 
Magnesium (Mg) 
Calcium (Ca) 
Potassium (K) 
Bicarbonate (HC03) 
!I Jacobsen and Knudsen (1940). 


Concentration (ppm) 
18,980 
10,556 
2,649 
1 ,272 
400 
380 
140 


The chloride concentrations at Chelsea (river mile 64.5) at the time 
of the measurements averaged almost 200 ppm. This corresponds to a mixture 
of about 1 percent sea water to 99 percent fresh water. Downstream at 
Tarrytown (river mile 27.5), chloride concentrations averaged about 
4,800 ppm, or about 25 percent sea water to 75 percent fresh water. 


If the curve of figure 7 is extrapolated downstream, the chloride 
content reaches that of sea water at a point in the Atlantic Ocean about 
20 miles south of the Battery. 


Analyses of other salinity data collected by the city of New York as 
early as 1903 also show a convergence to 100 percent sea water at a point 
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Figure 7.--Ch10ride concentrations in the Hudson River estuary 
on September 10, 1962, and October 1, 1963. 
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about 20 mi1es south of the Battery. Data taken from the report by Burr, 
Hering, and Freeman (1904, p. 522) is shown in graphical form in figure 8. 
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Figure 8.--Longitudinal chloride profiles of the Hudson River 
estuary on 4 days during 1903. 


Figure 8 shows four different chloride conditions which existed in the 
estuary on 4 days during 1903. The two curves on the right represent 
chloride conditions found during times of low fresh-water inflow. The two 
curves on the left represent high-f1ow conditions. 


The convergence of these sa1inity profiles is probab1y due to ocean 
currents. It could be reasoned that the discharge of the Hudson River is 
so small by comparison with the volumes of wa
er moving in offshore currents 
that it has little effect on salinities 20 miles south of the Battery. 


Chloride concentrations vary not only longitudinally, but also within 
individual cross sections. Water high in dissolved solids has a greater 
density than water Jow in dissolved solids. Hence, the more saline water 
tends to gravitate toward the bottom of the estuary. This is reflected by 
an increase in chloride concentration with depths in any given cross 
section. Rarely, however, does the difference in chloride concentration 
from top to bottom exceed 20 percent in the Hudson River estuary. 
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It is thought that chloride concentrations are slightly higher near 
the left bank than near the right bank because of the Coriolis component 
of acceleration caused by the earth's rotation which, in the northern 
hemisphere, deflects a moving particle to the right of its direction of 
motion. However, this effect is so small that it is difficult to establish 
conclusively in the Hudson River estuary and is practically of no 
significance. 


SEDIMENT IN THE ESTUARY 


All streams carry in their waters varying amounts of suspended sediment 
eroded from the land. In some places, these suspended particles are 
deposited on the streambeds. 


The deposition of suspended sediment on the bed of the Hudson River 
estuary (especially in New York Harbor) is of major concern to navigation. 
At the present time, it is necessary to dredge out accumulated sediment in 
order to maintain the navigation channel at its present depth of 32 feet 
for most of its length. Information on the sources, movement, and deposition 
of sediment in the estuary may lead to more economical means of maintaining 
the navigation channel. In addition, suspended sediment data are useful to 
water managers as an indication of the amount of treatment required for 
water drawn from the estuary for water supply. 


The U.S. Army Corps of Engineers, the agency responsible for the 
maintenance of the navigation channel, has conducted several investigations 
of the sediment problem in the Hudson River estuary. Panuzio (1963) reports 
that at Poughkeepsie, from September 1959 through August 1960, mean daily 
suspended sediment concentrations averaged 33 ppm. The lowest mean daily 
sediment concentration was 3 ppm on February 9, 1960, while the highest was 
267 ppm on October 4, 1959. 


Other significant observations made at Poughkeepsie during the study 
described by Panuzio are as follows: 


I. High river discharges generally contain high 
sediment concentrations. 


2. Suspended-sediment concentrations at Poughkeepsie 
increased with depth and were greatest at the 
center and in the deepest parts of the river. 


3. There is a reasonable similarity between sediments 
in suspension at Poughkeepsie and the shoaling 
materials found in New York Harbor, especially 
in the finer grained shoal materials. !I 


!I Panuzio makes it clear that this does not necessarily mean 
that the shoaling materials in New York Harbor do have 
their source upstream in the estuary, only that this is 
a possibility. 
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The results,of this and other past sediment studies, while useful, do 
not present a complete picture. No reliable figures for gross movement of 
sediment out of the Hudson River have yet been determined, largely because 
no reliable figures for tidal discharge have previously been available. 
The operation of the tidal-discharge station at Poughkeepsie will afford an 
opportunity to make further worthwhile sediment investigations of this 
natu re. 


Theory predicts that, as fresh water containing suspended sediment 
moves downstream, increasing salinities will cause some of the very fine 
sediment particles to "flock together'l and settle to the river bottom. 
However, it is not known to what extent this occurs in the Hudson River 
estuary, or whether river velocities prevent these fine-grained particles 
from settling out. Further studies should indicate the importance of the 
role of this "flocking together" effect in the shoaling activity that does 
take place in the estuary. 


THE RELATION OF SALINITY TO FLOW 


It is known that fresh-water inflow is the major factor controlling 
the movement of the salt-water front in the estuary. However, an exact 
relationship remains, at the time of this writing, undefined. 


It has been observed for many years on many estuaries that, when 
fresh-water discharges become large, the salt-water front moves downstream, 
and when the fresh-water discharges become small, the salt-water front 
moves upstream. During high spring discharges, the salt-water front in the 
Hudson River estuary often moves downstream to a point near Yonkers. 
During low-flow periods in the late summer and early fall, the salt-water 
front may be found 50 or 60 miles upstream from Yonkers at Chelsea or, on 
some occasions, above Poughkeepsie. For example, on November 20, 1964, 
chloride concentrations at the Poughkeepsie Water Works reached an alltime 
high value of 342 ppm, mostly as a result of southwest winds on that day 
and very low average flows during the preceding months (3,070 cfs at Green 
Island from July to October 1964). If the fresh-water inflows had continued 
at that low rate, the quality of Poughkeepsie's water supply could have been 
seriously affected. 


It is useful to picture the fresh-water portion of the estuary as a 
type of reservoir - with the following modifications. Instead of a fixed 
dam, the estuary "reservoi r ll has a moving sal t-water front, the 50 ppm 
isochlor (line of equal chloride concentration). Changes in storage are 
reflected, not by the water level behind a dam, but by the upstream-downstream 
movement of the 50 ppm isochlor. Where an ordinary reservoir loses fresh 
water by flow over a dam, the estuary loses fresh water by the mixing of 
fresh water with saline water. 


Figure 9 summarizes the preceding discussion pictorially and shows how 
fresh water is gained and lost from the fresh-water IIpool" or "reservoir." 
If the rate of fresh-water inflow and direct precipitation exceeds the rate 
of the mixing and evaporation losses, the volume of fresh water in the 
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Figure 9.--Longitudinal profile showing how fresh water is gained 
and lost from the Hudson River estuary. 


"pool" increases, and the salt-water front is displaced downstream. If the 
rate of the losses exceeds the rate of the gains, the salt-water front 
moves upstream. The equation for the net rate of change of volume may be 
written as: 


Rnet = Rinflow + Rprecipitation - Revaporation - Rmixing (I) 


It is estimated that the direct precipitation on the estuary is less 
than 1 percent of the inflow term, and is, therefore, negligible. The local 
evaporation rate from the surface of a body of water in the vicinity of the 
estuary is about one-half the average annual precipitation rate. Thus, 
evaporation is also of sma11 importance. The total error introduced by 
disregarding these two terms is, in the long run, negligible (at times, of 
course, evaporation and precipitation may play an important part). Equation 
1 can, thus, be simplified as: 


Rnet = Rinflow - Rmixing (2) 


Fresh-water inflow (Rinflow), which includes tributary inflow and 
gains or losses of ground water, is estimated by the previous1y described 
method using discharge records from gaged areas and estimates of flow 
contributions from ungaged areas. 


The fresh water lost by mixing due to turbulent and molecular diffusion 
with saline water (Rmixing) is difficult to determine quantitatively. 
Fresh-water losses due to turbulent diffusion (which accounts for most of 
the mixing) vary with water velocity, wind, concentration gradients in the 
estuary, and channel characteristics such as cross section area and channel 
shape. Losses from molecular diffusion are comparatively small. 


Fortunately, it is possible to determine the Rnet term in equation 2. 
The volume (V) of fresh water in the estuary at any time can be calculated, 
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and the change in this volume may be determined for a given-time interval 
from the change of river levels and the movement of the salt-water front. 
The three parameters V, Rinflow and Rnet are probably sufficient to describe 
salinity and flow conditions in the estuary at any given time. 


The preceding discussion served as a base for the work of Mason and 
Pietsch (1940, p. 463) who pioneered in the development of a salinity-flow 
relationship for the Delaware River estuary. Their salinity-flow relation- 
ship has been used successfully to predict chloride concentrations in the 
estuary during various periods of time. 


A similar study is now being conducted by the U.S. Geological Survey 
in the Hudson River estuary. In order to provide chloride data, specific 
conductance recorders were installed on the estuary during April 1966 at 
Poughkeepsie, Beacon, and Peekskill. Specific conductance values from these 
recorders will be converted to chloride concentrations in the river. Data 
from these three stations will be correlated with longitudinal and cross- 
sectional chloride determinations so that the position of any isochlor in 
the estuary may be known at any time. 


This information will be used to chart the position and movement of 
the salt-water front and also to determine the change of volume of fresh 
water in the estuary (Rnet) due to upstream-downstream movement of the 
salt-water front. River levels and volumes of flow from the reach at 
Poughkeepsie will aid in determining that part of Rnet which is reflected 
in a rise in river levels, and will also be useful in studying chloride 
changes within tidal cycles. 


FACTORS AFFECTING THE RELATION OF SALINITY TO FLOW 


Besides fresh-water inflow, there are a number of natural and man-caused 
phenomena which also influence salinity conditions in the Hudson River 
estuary. If all of the other factors remain constant, we may correctly 
attribute any change of salinity conditions in the estuary to changes in 
fresh-water inflow. Unfortunately, this is seldom the case, and it is 
necessary to consider these other short-term and local factors to determine 
what part of observed salinity movements are, in fact, due to changes in 
fresh-water inflow. 


Natural phenomena 


Ocean tides have a large effect on the movement of the salt-water front. 
The movement may be only several miles or as much as 10 to 15 miles during 
a flood or ebb tide, depending on the particular tidal cycle and the 
location of the salt-water front in the estuary. However, since the net 
flow due to ocean tides is zero over a number of tide cycles, it may be 
possible to eliminate these effects from the analysis by averaging salinity 
and flow conditions over time intervals which are multiples of the period of 
a tide cycle (12 hours and 25 minutes). This procedure, however, would only 
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eliminate the effects of the diurnal (daily) and semi diurnal components of 
the tide-producing forces. There are other long period tide-producing 
forces which, although of small magnitude, may cause a rise and fall of 
several tenths of a foot in mean river levels over a period of several 
months. This may, in turn, cause a cyclic but predictable shifting in any 
salinity-flow relation. Table 5 lists the 10 most important components of 
the predictable forces and their periods. The coefficient relates to the 
intensity of each tide-producing force such that the greater the coefficient 
the greater the force. 


Table 5.--Most important components of the tide-producing 
forces (Schureman, 1924) 


Name of Pe r i od , 
corresponding partial tide in hours Coefficient 
Semi di urnal : 
P ri n c i pa 1 I una r 12.42 0.4543 
Principal solar 12.00 .2120 
Larger lunar elliptic 12.66 .0880 
Luni-solar 11.97 .0576 
Diu rna I : 
Luni-solar 23.93 .2655 
Principal 1 una r 25.82 . 1 886 
Principal sola r 21..07 .0880 
Long-period: 
Lunar fortnightly 327.86 .0783 
Lunar monthly 661 . 30 .0414 
Solar semi-annual 2191.43 .0365 


Unusually high and low tides result in an upstream migration of the 
salt-water front over and above what would normally occur. Increased water 
velocities cause an increase in turbulent diffusion, thus, increasing the 
rate of loss of fresh water from the estuary. When tides return to normal, 
the high salinities may still persist for several weeks. 


Winds may have three effects on salinity conditions. First, they may 
increase turbulent diffusion in the estuary and, thus, increase the rate of 
loss of fresh water from the estuary and cause an upstream movement of 
saline water. Second, they increase evaporation rates and, in this manner 
also increase the loss of fresh water. Third, winds may alter the lateral 
salinity distributions across an estuary. 


Ice conditions during the winter months undoubtedly affect salinities 
in the estuary. No studies have yet been made in this area and it is not 
known whether the ice effect is large or small or whether salinities are 
increased or decreased because of it. 
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There has been a gradual rise in mean sea level during historic times. 
Marmer (1949) reports that at the Battery in New York City, there was a 
0.13-foot rise in mean sea level during the years 1893 to 1930. From 1930 
to 1947 the rise amounted to 0.35 feet. It can be surmised that this 
continuing rise in mean sea level increases the hydraulic head forcing 
water upstream and causes saline water to move further upstream. 


Although the long-term effects of evaporation from the surface of the 
estuary can be ignored, high rates during summer months, when high air and 
water temperatures prevail, may evaporate sufficient quantities of fresh 
water to cause a noticeable upstream movement of saline water. 


Differences in barometric pressure over the fresh and saline water may 
also affect the relation of salinity to fresh-water inflow. For instance, 
a high-pressure area over the seaward or saline portion of the estuary 
could "push" more salt water upstream than usual, causing a rise in river 
levels and an increase in salinities at points along the river. Presumably, 
the reverse effect would occur when a high-pressure area is over the fresh- 
water portion of the estuary. 


Except for this last case, (and possibly ice conditions) all other 
natural phenomena discussed in this section cause the salt-water front to 
move upstream. 


Man-caused factors 


The effect of channel dredging on the movement of saline water in the 
estuary has not yet been determined. However, a 1951 study by the U.S. Army 
Corps of Engineers reveals that, at Albany, mean tidal ranges increased 
progressively from 2.5 feet in 1890 to 5.0 feet in 1950 as a result of 
deepening the navigation channel. Mean low water dropped about 2 feet 
while mean high water rose only about 0.5 foot. This general effect was 
noted only in the reach between Hudson and Troy where dredging operations 
were most intensive and cross-sectional areas were significantly increased. 
Apparently, this dredging has decreased the overall effect of channel 
friction on the movement of water in and out of the estuary. Presumably, 
this would have an effect on salinity conditions in the estuary, but that 
effect is not yet known. 


Regulation of fresh-water inflow has the beneficial effect of stabili- 
zing salinity conditions in the estuary. Reservoirs in the upper Hudson 
and Mohawk basins store fresh water during high-flow periods and release it 
during times of low flow. These releases during low-flow periods "hold 
back" the upstream movement of saline water in the estuary. Of course, 
fresh water stored during high-flow periods is unavailable to displace 
saline water downstream at that time. 


Permanent diversions of fresh water from the estuary or its tributaries 
result in an upstream movement of saline water over and above what would 
normally occur. Water withdrawn from the basin in this manner is unavail- 
able to displace or "move" saline water downstream. For this reason, the 
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location of future pumping stations on the estuary, such as New York City's 
Chelsea station, will be of critical importance in determining the amount of 
fresh water which can be safely withdrawn. New York City is, at present, 
the only water user that permanently diverts water from the Hudson River 
and its tributaries. Up until now, however, these diversions have been 
small in relation to the total flow of the river. Diversions during 1965 
averaged only about 574 mgd or 890 cfs, as compared to the estimated average 
net flow of the Hudson River of 19,700 cfs at the Battery. 


Boat traffic on the estuary agitates the water and creates turbulence 
which may temporarily alter salinity patterns. This effect, however, is 
doubtless negligible. 


All of these natural phenomena and man-caused factors have some effects 
on the relation of salinity to flow in the estuary, however small they may 
be. It is important to recognize in the development of salinity-flow 
relations that nearly all of these influences tend to cause an upstream 
movement of saline water. 
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FUTURE 


STUDIES 


As a resu1t of this investigation of f10w and water-quality character- 
istics of the Hudson River estuary, serious gaps in present knowledge were 
revea1ed. Water managers would like to know the answers to such questions 
as: 


1. Under present conditions, how often on the 
average will chloride concentrations equal 
or exceed 250 ppm at Poughkeepsie? 


2. What is the effect of channel dredging or the 
fi11ing in of marshes on the position of 
the salt-water front? 


3. How wi11 future permanent withdrawa1s of fresh 
water from the estuary or its tributaries 
affect sa1inity conditions? 


4. What is the quantitative effect of storms, 
changes in barometric pressure, air 
temperature, and wind on the position and 
rate of movement of the salt-water front? 


5. Where are the sources of the shoaling materia1 
which is deposited in the estuary? How is 
sediment moved and deposited on these 
shoa1 ing areas? 


6. What is the quantitative relation of salinity 
to f I ow? 


7. How does sa1ine water in the estuary affect 
ground-water supp1ies? 


8. What is the water qua1ity in the fresh-water 
portion of the estuary and how does it vary? 


In any logical deve10pment of the fresh-water resources of the Hudson 
River estuary, it is important to know the answers to these and to many 
other similar questions. At the present time, either these answers are not 
known at all or they are known incompletely. 


The Hudson River estuary represents the last undeveloped source of 
large quantities of fresh water in the southeastern portion of New York 
State. As popu1ation and industry continue to grow, it seems inevitable 
that cities and vi11ages will turn increasingly to the estuary, not only 
as a waterway and a recreationa1 resource, but also as a water supply. 
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In order to find some of the answers which will be needed in the 
future, the U.S. Geologica1 Survey, in cooperation with the New York Water 
Resources Commission and the New York State Department of Commerce, is now 
engaged in a program of study to better define certain hydrologic aspects 
of the Hudson River estuary. Of specific interest are four major aspects 
of the hydrology as discussed below: 


I - The salt-water front . The U.S. Ge010gical Survey 
is studying the factors control1ing the position 
and movement of the sa1t-water front with a view 
to predicting its future behavior under various 
fresh-water inflows, permanent withdrawa1s of 
water, and changes in channe1 characteristics. 
Such know1edge is of major importance in any plan 
for utilization of the estuary as a water supp1y. 


2 - Tide-affected f10w . Measurements of the tide- 
affected flow of the Hudson River will aid in 
the study of changes in river salinjties during 
tida1 cycles. Knowledge gained about the movement 
of water in the estuary wi11 a1so be useful in 
studying ways of contr011ing pollution in the 
estuary. 


3 - Chemical quality of the fresh-water portion of 
the estuary . The water quality at several points 
in the estuary and on severa1 of its tributaries 
has already been adequately investigated. However, 
there are large sections of the fresh-water portion 
of the estuary which need further study. Definition 
of the water quality in these additional areas will 
aid planners in determining the best usage of these 
waters. 


4 - Sediment . Studies wi11 be made of the transport 
of suspended sediment in the estuary to determine 
the effects of the continua11y changing ve10cities 
on the pick-up and deposition of sediment. 
Measurements of sediment concentrations will be 
made in the vicinity of the salt-water front to 
determine the effects of saline water on sediment 
transport. Other sediment studies may a1so be 
undertaken if they appear feasib1e and desirab1e. 
Information acquired during this study about 
sediment in the estuary will be of interest, 
(I) to water managers planning to withdraw water 
from the estuary because it will provide one 
indication of the amount of treatment required, 
and (2) to the U.S. Corps of Engineers who are 
concerned with maintaining the navigation channe1 
and would like to know more about the deposition 
of sediment in New York harbor. 
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*GW-13 THE CONFIGURATION OF THE ROCK FLOOR IN WESTERN LONG ISLAND, N. Y. 
Wallace de Laguna and M. L. Brashears, Jr. (1948) 
GW-14 CORRELATION OF GROUND-WATER LEVELS AND PRECIPITATION ON LONG ISLAND, N. Y. 
C. E. Jacob (1945) 
*GW-15 PROGRESS REPORT ON GROUND-WATER RESOURCES OF THE SOUTHWESTERN PART 
OF BROOME COUNTY, N. Y. 
R. H. Brown and J. G. Ferris (1946) 
*GW-16 PROGRESS REPORT ON GROUND-WATER CONDITIONS IN THE CORTLAND QUADRANGLE, N. Y. 
E. S. Asselstine (1946) 
*GW-17 GEOLOGIC CORRELATION OF LOGS OF WELLS IN KINGS COUNTY, N. Y. 
Wallace de Laguna (1948) 
GW-18 MAPPING OF GEOLOGIC FORMATIONS AND AQUIFERS OF LONG ISLAND, N. Y. 
Russell Suter, Wa11ace de Laguna, and N. M. Perlmutter (1949) 
*GW-19 GEOLOGIC ATLAS OF LONG ISLAND. (Consists of large-scale reproductions 
of maps in GW-18.) (1950) 
*GW-20 THE GROUND-WATER RESOURCES OF ALBANY COUNTY, N. Y. 
Theodore Arnow (1949) 
GW-20A BURIED PREGLACIAL GROUND-WATER CHANNELS IN THE ALBANY-SCHENECTADY 
AREA IN NEW YORK. 
E. S. Simpson (1949) 
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BULLETINS: 
GW-21 THE GROUND-WATER RESOURCES OF RENSSELAER COUNTY, N. Y. 
R. V. Cushman (1950) 
GW-22 THE GROUND-WATER RESOURCES OF SCHOHARIE COUNTY, N. Y. 
J. M. Berdan (1950) 
GW-23 THE GROUND-WATER RESOURCES OF MONTGOMERY COUNTY, N. Y. 
R. M. Jeffords (1950) 
GW-24 THE GROUND-WATER RESOURCES OF FULTON COUNTY, N. Y. 
Theodore Arnow (1951) 
GW-25 THE GROUND-WATER RESOURCES OF COLUMBIA COUNTY, N. Y. 
Theodore Arnow (1951) 
GW-26 THE GROUND-WATER RESOURCES OF SENECA COUNTY, N. Y. 
A. J. Mozola (1951) 
*GW-27 THE WATER TABLE IN LONG ISLAND, N. Y., IN JANUARY 1951. 
N. J. Lusczynski and A. H. Johnson (1951) 
*GW-28 WITHDRAWAL OF GROUND WATER ON LONG ISLAND, N. Y., SUPPLEMENT 1. 
A. H. Johnson and others (1952) 
GW-29 THE GROUND-WATER RESOURCES OF WAYNE COUNTY, N. Y. 
R. E. Griswold (1951) 
GW-30 THE GROUND-WATER RESOURCES OF SCHENECTADY COUNTY, N. Y. 
E. S. Simpson (1952) 
GW-31 RECORDS OF WELLS IN SUFFOLK COUNTY, N. Y., SUPPLEMENT 2. 
Staff, Long Island office, Water Power and Control Commission (1952) 
GW-32 GROUND WATER IN BRONX, NEW YORK, AND RICHMOND COUNTIES WITH SUMMARY 
DATA ON KINGS AND QUEENS COUNTIES, NEW YORK CITY, N. Y. 
N. M. Perlmutter and Theodore Arnow (1953) 
GW-33 THE GROUND-WATER RESOURCES OF WASHINGTON COUNTY, N. Y. 
R. V. Cushman (1953) 
GW-34 THE GROUND-WATER RESOURCES OF GREENE COUNTY, N. Y. 
J. M. Berdan (1954) 
GW-35 THE GROUND-WATER RESOURCES OF WESTCHESTER COUNTY, N. Y., PART 1, 
RECORDS OF WELLS AND TEST HOLES. 
E. S. Asselstine and I. G. Grossman (1955) 
GW-36 SALINE WATERS IN NEW YORK STATE. 
N. J. Lusczynski, J. J. Geraghty, E. S. Asselstine, and 
I. G. Grossman (1956) 
GW-37 THE GROUND-WATER RESOURCES OF PUTNAM COUNTY, N. Y. 
I. G. Grossman (1957) 
GW-38 CHLORIDE CONCENTRATION AND TEMPERATURE OF WATER FROM WELLS IN 
SUFFOLK COUNTY, LONG ISLAND, N. Y., 1928-53. 
J. F. Hoffman and S. J. Spiegel (1958) 
*GW-39 RECORD OF WELLS IN NASSAU COUNTY, N. Y., SUPPLEMENT 2. 
Staff, Long Island office, Water Power and Control Commission (1958) 
GW-40 THE GROUND-WATER RESOURCES OF CHEMUNG COUNTY, N. Y. 
W. S. Wetterha 11 (1959) 
GW-41 GROUND-WATER LEVELS AND RELATED HYDROLOGIC DATA FROM SELECTED 
OBSERVATION WELLS IN NASSAU COUNTY, LONG ISLAND, N. Y. 
John Isbister (1959) 
GW-42 GEOLOGY AND GROUND-WATER RESOURCES OF ROCKLAND COUNTY, N. Y. 
N. M. Perlmutter (1959) 


- 38 - 



BULLETINS PUBLISHED BY THE NEW YORK WATER RESOURCES COMMISSION AND 
PREPARED IN COOPERATION WITH THE U.S. GEOLOGICAL SURVEY (Continued) 


BULLETINS: 
GW-43 GROUND-WATER RESOURCES OF DUTCHESS COUNTY, N. Y. 
E. T. Simmons, I. G. Grossman, and R. C. Heath (1961) 
GW-44 GROUND-WATER LEVELS AND THEIR RELATIONSHIP TO GROUND-WATER PROBLEMS 
IN SUFFOLK COUNTY, LONG ISLAND, N. Y. 
J. F. Hoffman and E. R. Lubke (1961) 
GW-45 HYDROLOGY OF THE SHALLOW GROUND-WATER RESERVOIR OF THE TOWN OF 
SOUTHOLD, SUFFOLK COUNTY, N. Y. 
J. F. Hoffman (1961) 
GW-46 THE GROUND-WATER RESOURCES OF SULLIVAN COUNTY, N. Y. 
Ju1ian Soren (1961) 
GW-47 GROUND-WATER RESOURCES OF THE MASSENA-WADDINGTON AREA, 
ST. LAWRENCE COUNTY, N. Y. 
F. W. Trainer and E. H. Sa1vas (1962) 
GW-48 THE GROUND-WATER RESOURCES OF ONTARIO COUNTY, N. Y. 
F. K. Mack and R. E. Digman (1962) 
GW-49 GROUND-WATER STUD I E'S I N SARATOGA COUNTY, N. Y. 
R. C. Heath, F. K. Mack, and J. A. Tannenbaum (1963) 
GW-50 THE GROUND-WATER RESOURCES OF DELAWARE COUNTY, N. Y. 
Julian Soren (1963) 
GW-51 GROUND WATER IN NEW YORK. 
R. C. Heath (1964) 
GW-52 WATER RESOURCES OF THE LAKE ERIE-NIAGARA AREA, N. Y.-A PRELIMINARY 
APPRAISAL. 
A. M. La Sa1a, Jr., W. E. Harding, and R. J. Archer (1964) 
GW-53 GROUND WATER IN THE NIAGARA FALLS AREA, N. Y. 
R. H. Johnston (1964) 
54 MAXIMUM KNOWN DISCHARGES OF NEW YORK STREAMS. 
F. L. Robison (1965) 
55 CHLORIDE CONCENTRATION AND TEMPERATURE OF THE WATERS 
OF NASSAU COUNTY, LONG ISLAND, N. Y. 
F. A. DeLuca, J. F. Hoffman, and E. R. Lubke (1965) 
56 SUMMARY OF WATER-RESOURCES RECORDS AT PRINCIPAL MEASUREMENT 
SITES IN THE GENESEE RIVER BASIN, THROUGH 1963. 
B. K. Gi1bert and J. C. Kammerer (1965) 
57 GROUND-WATER RESOURCES OF EASTERN SCHENECTADY COUNTY, N. Y. 
J. D. Wins1ow, H. G. Stewart, Jr., R. H. Johnston, and 
L. J. Crain (1965) 
58 GROUND-WATER RESOURCES OF THE JAMESTOWN AREA, N. Y. 
L. J. Crain (1966) 
59 SURFACE-WATER REGIMEN OF THE UPPER FLINT CREEK BASIN, N. Y. 
D. E. Vaupel (1967) 
60 DURATION CURVES AND LOW-FLOW FREQUENCY CURVES OF STREAMFLOW 
IN THE SUSQUEHANNA RIVER BASIN, N. Y. 
O. p. Hunt (1967) 
61 THE HUDSON RIVER ESTUARY-A PRELIMINARY INVESTIGATION OF FLOW AND 
WATER-QUALITY CHARACTERISTICS. 
G. L. Giese and J. W. Barr (1967) 


- 39 - 




 
.g;;:

 



